in the placenta. In addition, the shorter, class I alleles are associated with type 1 diabetes, whereas the longer, class III alleles are associated with type 2 diabetes, polycystic ovary syndrome (PCOS), and size at birth. Parent-of-origin effects have been reported for type 2 diabetes and PCOS, thus implicating a role for genomic imprinting in these phenotypes. In mice, Ins2 is imprinted and paternally expressed in the yolk sac. In humans, evidence for the imprinting of INS is circumstantial, with occasional monoallelic expression in the thymus. In the present study, we found evidence for the imprinted paternal expression of INS in the human yolk sac. Two other imprinted genes from the same cluster are also expressed monoallelically in the human yolk sac. IGF2 was expressed solely from the paternal allele, and H19 was expressed solely from the maternal allele. These data suggest not only further functional roles for the human yolk sac in early fetal growth, but also evidence for a potential causal link between the control of insulin expression during development and insulin/growth-related diseases in later life. Diabetes 50: [199][200][201][202][203] 2001 A llelic variation at the insulin (INS) variable number tandem repeat (VNTR) is known to regulate the level of expression of both INS in the pancreas and thymus and IGF2 in the placenta (1-5). The shorter, class I alleles correlate with levels of gene expression that are higher for INS in the pancreas, lower for INS in the thymus, and higher for IGF2 in the placenta. Higher levels of INS expression associated with the longer, class III VNTR alleles in the thymus offer an explanation for the protective role of these alleles in type 1 diabetes susceptibility by inducing self-tolerance to preproinsulin peptides (1,2). The class I alleles are associated with type 1 diabetes, and the class III alleles are associated with type 2 diabetes, polycystic ovary syndrome (PCOS), and size at birth (5-10). In PCOS and type 2 diabetes, disease susceptibility is conferred in a parental sex-specific fashion (6,9), such that in nuclear families, the susceptible allele is transmitted preferentially from fathers. This suggests that the etiological effect is occurring when only the paternal allele is active, implicative of parental imprinting. Although the imprinting of IGF2 is well established (11), evidence for monoallelic expression of insulin comes only from mice, in which Ins2 (the mouse ortholog of INS) is imprinted in the yolk sac after 14.5 days (12,13). In mammals, the secondary yolk sac is regarded as being the primitive liver, involved in protein synthesis and nutrient transfer and acting as a stem-cell reservoir (14, 15) . The secondary yolk sac may also play a role as a primitive pancreas, because in the fourth week of development, the yolk sac forms the primitive gut, the endoderm of which gives rise to the epithelium and glands of the digestive tract.
Allelic variation in the size of the insulin (INS) variable number tandem repeat (VNTR) correlates with the expression of both INS in the pancreas and thymus and IGF2 (the gene downstream of INS)
in the placenta. In addition, the shorter, class I alleles are associated with type 1 diabetes, whereas the longer, class III alleles are associated with type 2 diabetes, polycystic ovary syndrome (PCOS), and size at birth. Parent-of-origin effects have been reported for type 2 diabetes and PCOS, thus implicating a role for genomic imprinting in these phenotypes. In mice, Ins2 is imprinted and paternally expressed in the yolk sac. In humans, evidence for the imprinting of INS is circumstantial, with occasional monoallelic expression in the thymus. In the present study, we found evidence for the imprinted paternal expression of INS in the human yolk sac. Two other imprinted genes from the same cluster are also expressed monoallelically in the human yolk sac. IGF2 was expressed solely from the paternal allele, and H19 was expressed solely from the maternal allele. These data suggest not only further functional roles for the human yolk sac in early fetal growth, but also evidence for a potential causal link between the control of insulin expression during development and insulin/growth-related diseases in later life. Diabetes 50:199-203, 2001 A llelic variation at the insulin (INS) variable number tandem repeat (VNTR) is known to regulate the level of expression of both INS in the pancreas and thymus and IGF2 in the placenta (1) (2) (3) (4) (5) . The shorter, class I alleles correlate with levels of gene expression that are higher for INS in the pancreas, lower for INS in the thymus, and higher for IGF2 in the placenta. Higher levels of INS expression associated with the longer, class III VNTR alleles in the thymus offer an explanation for the protective role of these alleles in type 1 diabetes susceptibility by inducing self-tolerance to preproinsulin peptides (1, 2) . The class I alleles are associated with type 1 diabetes, and the class III alleles are associated with type 2 diabetes, polycystic ovary syndrome (PCOS), and size at birth (5-10). In PCOS and type 2 diabetes, disease susceptibility is conferred in a parental sex-specific fashion (6, 9) , such that in nuclear families, the susceptible allele is transmitted preferentially from fathers. This suggests that the etiological effect is occurring when only the paternal allele is active, implicative of parental imprinting. Although the imprinting of IGF2 is well established (11) , evidence for monoallelic expression of insulin comes only from mice, in which Ins2 (the mouse ortholog of INS) is imprinted in the yolk sac after 14.5 days (12, 13) . In mammals, the secondary yolk sac is regarded as being the primitive liver, involved in protein synthesis and nutrient transfer and acting as a stem-cell reservoir (14, 15) . The secondary yolk sac may also play a role as a primitive pancreas, because in the fourth week of development, the yolk sac forms the primitive gut, the endoderm of which gives rise to the epithelium and glands of the digestive tract.
In humans, there is only circumstantial evidence for the imprinting of insulin (e.g., the parent-of-origin effects and 5 of 23 cases of monoallelic expression in the thymus) (1,2). However, INS lies next to the paternally expressed IGF2 gene and the maternally expressed H19 gene in an imprinted cluster on human chromosome 11p15.5 (11, 16) . Therefore, we set out to test for INS expression in the human yolk sac and investigate whether it is imprinted. We present evidence that, similar to IGF2 and H19, INS is expressed monoallelically and imprinted in the human yolk sac.
To investigate gene expression and imprinting status in yolk sacs, a maternal blood sample, a placental sample, and the yolk sac were collected from 38 subjects. The blood and placental samples were used to provide genomic DNA for genotyping, whereas the yolk sacs were used to extract total RNA. Each fetus was genotyped by polymerase chain reaction (PCR) for INS, IGF2, and H19, and the products were digested with the PstI, ApaI, and RsaI restriction enzymes, which are intragenic polymorphisms for INS, IGF2, and H19, respectively (Figs. 1-3 ) (4, 11, 16) . This revealed 14 fetal samples that were heterozygous for INS, 20 for IGF2, and 14 for H19 (Table 1) . Once fetal heterozygosity was established, the respective maternal DNA samples were analyzed for informativity in a similar manner. The criteria for a fully informative sample set for assessing imprinting status was a heterozygous fetal sample and a homozygous maternal sample. This would allow mono-or biallelic expression to be detected and the parental origin of the alleles to be determined. Of the heterozygous fetal DNA samples, five of the maternal samples were homozygous for INS, five for IGF2, and three for H19. Expression was investigated in all 38 yolk sacs, with gestational ages ranging from 6 weeks plus 5 days to 12 weeks plus 3 days (Table 1) .
INS expression was detected in 16 of the 38 yolk sacs and expression was not seen before 8 weeks plus 4 days gestation. Between 8 weeks plus 4 days and 10 weeks gestation, 31% of the yolks sacs showed expression, whereas from 10 weeks to 12 weeks plus 3 days gestation, 65% expressed detectable levels of INS. The level of expression was ~1/5,000-1/10,000 of that seen in pancreas, but it was probably lower than the levels seen in the thymus because nested PCR was needed to visualize expression in the yolk sac (1, 2) . Both of the informative yolk sacs that expressed INS displayed only monoallelic paternal expression ( Fig. 1 ). Monoallelic expression of INS was also seen in four other heterozygous yolk sacs, but these were not informative for parent-of-origin. It is also interesting to note that both informative yolk sac samples, based on linkage disequilibrium with the PstI genotype, inherited the class III INS VNTR on the paternal chromosome. For the other four heterozygous samples, two alleles were class I and two were class III. The sample size is obviously not large enough to make any predictions about expression levels and class size association.
Monoallelic expression for IGF2 was demonstrated in 18 yolk sacs and, within this group, all three fully informative sets showed monoallelic paternal expression (Fig. 2) . The other two fully informative sets showed biallelic expression, giving further evidence of polymorphic expression for this gene.
H19 expression was also seen in all 38 yolk sacs. Monoallelic expression for H19 was shown in 14 yolk sacs, with monoallelic maternal expression detected in three fully informative sets (Fig. 3) . The difference in size between the H19 reverse transcriptase (RT)-PCR product and the genomic PCR product is a result of the absence of two small introns in the yolk sac cDNA (17) . This was confirmed by DNA sequencing (data not shown).
The class size of the INS VNTR has been associated with several phenotypes (6), most notably type 1 and 2 diabetes, PCOS, and size at birth (5-10). All of these phenotypes could be caused in part by an early developmental imbalance in the levels of insulin and other growth factors (e.g., IGF-2) that have an effect on fetal size, future insulin tolerance, or pancreatic development. The INS VNTR class size has also been shown to have a direct effect on the expression levels of INS and IGF2 in relevant tissues (e.g., the pancreas, thymus, and placenta) (1) (2) (3) (4) (5) . The early embryo depends on biological substrates from maternal tissue. These substrates cross the trophoblastic membrane and reach the embryo indirectly via the extracelomic cavity and the secondary yolk sac (15) . We have shown that the secondary yolk sac is actively transcribing INS, IGF2, and H19 mRNA. was not technically feasible in our samples, our data provide evidence that INS, IGF2, and H19 are all imprinted in human yolk sacs. Imprinting affected the maternal chromosome at the INS and IGF2 loci, whereas the paternal chromosome was affected at the H19 locus. However, we could not assess whether imprinting at the different loci we examined can affect opposite parental chromosomes in the same individual. Very little work has been reported on human yolk sac mRNA expression, and only two reports have been published on mouse yolk sacs detailing Ins1 and Ins2 expression (12, 13) . Considering the relatively short life span of the yolk sac in pregnancy, the complexity and maintenance of imprinting may appear superfluous. However, owing to the yolk sac's pivotal role as a substitute for the liver in early embryogenesis and its role in early nutrient transfer, regulated expression of crucial growth factors must be important to its own maintenance and could potentially influence control of fetal development and size. In the case of both INS and IGF2, expression is under the control of the INS VNTR (1-5). There is also the implication that these genes may be effectors of disease predisposition. This theory is greatly enhanced by newly emerging data on parent-of-origin effects that show the paternal transmission of the INS VNTR class III alleles is associated with both PCOS (9) and type 2 diabetes (17) ; there is also new data on the association of the INS VNTR with birth size (10) . Moreover, a recent study demonstrated an under-representation of the class III INS-IGF2 VNTR in the healthy offspring of heterozygous parents (18) . Survival selection driven by variations of critical gene expression in the yolk sac could help explain this transmission-ratio distortion.
RESEARCH DESIGN AND METHODS
Samples. We studied 38 human yolk sacs, ranging from 6 weeks plus 5 days to 12 weeks plus 3 days gestation, which were collected at surgical termination for psychological reasons and stored at -80°C. Matched maternal blood samples, placentas, and yolk sacs were available for 31 sample sets, whereas only placentas and yolk sacs were available for the remaining 7 sets. Ethical approval for the collection of these samples was given by the Joint University College London/University College London Hospital Committee on the Ethics of Human Research (project no. 2538). Extraction of DNA and RNA from the sample sets. DNA was extracted from maternal blood samples and fetal pancreatic and placental tissues by adapted standard methods (19) . Total RNA was extracted from the yolk sacs using the standard guanidinium technique (20) . Synthesis of cDNA from human yolk sac RNAs followed standard procedures using 0.2 µg random primers. All of the cDNAs from the yolk sacs were checked for integrity using control primers for GADPH (data not shown).
PCR detection of INS, IGF2
, and H19. The sequence of the primers and PCR conditions were as follows: INS genomic DNA typing, forward primer TGGTGCAGGCAGCCTGCAG and reverse primer GTTCAAGGGCTTTATTC CATCTCTC, at conditions of 94°C for 4 min for 1 cycle; 94°C for 1 min, 62°C for 1 min, and 72°C for 1 min for 35 cycles; and 72°C for 4 min for 1 cycle. The product size was 187 bp. Fetal yolk sac cDNA typing, forward primer. The forward primer GAAGAG GCCATCAAGCAGATCACTG was used with the same reverse primer detailed above. Because of the extremely low copy number of insulin in the yolk sac, cDNA heminested PCR was carried out using primers that crossed two introns to avoid genomic contamination (4). The conditions were: 94°C for 4 min for 1 cycle; 94°C for 1 min, 57°C for 1 min, and 72°C for 1 min for 35 cycles; and 72°C for 4 min for 1 cycle. The second-round nesting used the same primers as those used for the genomic DNA typing, but with only 25 cycles. IGF2. For both genomic DNA and yolk sac cDNA typing, the forward primer CTTGGACTTTGAGTCAAATTGG and reverse primer CCTCCTTTGGTCT TACTGGG were used. Conditions. The conditions were: 94°C for 4 min for 1 cycle; 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min for 35 cycles; and 72°C for 4 min for 1 cycle. The product size was 236 bp (11) . The primers for IGF2 did not span an intron. Genomic contamination was ruled out by including a RT-negative sample in each PCR set as a control. H19. For both genomic DNA and yolk sac cDNA typing, the forward primer AACACCTTAGGCTGGTGG and the reverse primer GCTGAAGCCCTGGTGGG were used. The conditions were: 94°C for 4 min for 1 cycle; 94°C for 1 min, 61°C for 1 min, and 72°C for 1 min for 35 cycles; and 72°C for 4 min for 1 cycle. The product size was 975 bp for the genomic product and 814 bp for the yolk sac cDNA (17) . All PCRs were performed in 25-µl reaction volumes containing 67 mmol/l Tris-HCl, pH 8.8, 16.6 mmol/l (NH 4 ) 2 SO 4 , 1.5 mmol/l MgCl 2 , 0.1% Tween-20, 100 ng of each primer, and 1 U Taq polymerase (Bioline, London, U.K.). Each PCR was cycled in an Omnigene thermal cycler (Hybaid, Ashford, U.K.). Genotyping by restriction enzyme digestion of PCR products. Genotyping of maternal and fetal samples was necessary to find informative sample sets (e.g., a heterozygous fetus and a homozygous mother allows demonstration of imprinting as well as the parent of origin of the expressed fetal allele). When both maternal and fetal samples were heterozygous, monoallelic status was assigned if the fetal yolk sac showed expression of only one allele. A total of 17 µl PCR product was digested with 10 U enzyme (Promega, Southampton, U.K.) in a final volume of 20 µl. The PCR fragments were then analyzed by agarose gel electrophoresis. The polymorphism used for INS altered a PstI site where digestion of a 187-bp PCR product results in polymorphic fragments of 85 and 57 bp and constants of 142 and 45 bp (4). The polymorphism used for IGF2 was at an ApaI restriction site where digestion cleaves the 236-bp PCR product into a 173-and 63-bp product (11) . For the H19 gene, the polymorphic RsaI restriction site was used. In the yolk sac cDNA, RsaI digests the 814-bp PCR product into 600-bp and 214-bp fragments, whereas in the genomic DNA, PCR products of 975 bp are cleaved into fragments of 760 and 215 bp (16) . PCR products were electrophoresed on 2% agarose gels stained with 10 µg/ml ethidium bromide. 
